Objectives: Computed diffusion-weighted magnetic resonance imaging (cDWI) refers to the synthesizing of arbitrary b value diffusion-weighted images (DWI) from a set of measured b value images by voxelwise fitting. The objectives of this study were to quantitatively analyze the noise and the contrast-to-noise ratio (CNR) in cDWI as a function of b value by numerical simulations and by measurements in patients with prostate cancer and to compare cDWI to directly measured DWI at a b value of 1400 s/mm 2 . Materials and Methods: Numerical simulations were performed to assess image noise and CNR in both cDWI and regular DWI. Forty-two patients with prostate cancer (age, 51Y73 years; prostate specific antigen level, 0.5Y30 ng/mL; and biopsy Gleason score, 6Y9) received 2 DWI examinations at 3.0 T (one with b values of 100, 500, and 1400 s/mm 2 and another with b values of 0, 100, 400, and 800 s/mm 2 ) to create cDWI images at arbitrary b values, both with and without incorporating a b value of 0 s/mm 2 in their calculation. Regions of interest were drawn to compare the scan time adjusted CNR (CNR eff ) between cDWI and directly measured DWI at b = 1400 s/mm 2 on tumor-suspicious lesions and normal-appearing regions. Results: In the numerical simulations, noise depended strongly on the b value, the diffusion coefficient, and the signal intensity at a b value of 0 s/mm 2 in cDWI but not in regular DWI. The CNR between simulated tumor and normal regions showed a continuous increase with increasing b value. Both these findings were also observed in tumor-suspicious and normal-appearing regions in in vivo data. In vivo prostate DWI at a b value of 1400 s/mm 2 showed a similar CNR eff between the tumor-suspicious regions and the normal-appearing tissue in cDWI as in the directly measured DWI (P = 0.395).
D iffusion-weighted (DW) magnetic resonance imaging (MRI) provides valuable additional information in the detection, localization, and characterization of malignant tumors in a variety of organs, 1 probing the motion of water molecules in tissue at a micrometer scale. 2 In prostate cancer, the loss of normal glandular tissue and an increase in cell density are assumed to lead to more restrictions for diffusion of water molecules, which can be effectively probed by diffusion-weighted imaging (DWI). 3 The applicability of DWI in prostate cancer has been well established both at 1.5 and at 3.0 T, showing improved detection and localization performance compared with T2-weighted MRI alone. 4Y8 When used in conjunction with other functional techniques such as dynamic contrast-enhanced MRI, proton magnetic resonance (MR) spectroscopic imaging, or quantitative T2 mapping, DWI is frequently among the best discriminating individual methods. 9Y11 In addition, it has been shown to correlate with clinical risk scores such as the Gleason score.
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A DWI examination generally consists of the acquisition of 2 or more images with different diffusion weightings, which are created by adding strong magnetic field gradient pulses to a fast imaging sequence. The degree of diffusion weighting is controlled by the amplitude, duration, and temporal spacing of these gradient pulses and is expressed in the diffusion b value (unit, s/mm 2 ) . A model of the signal intensity as a function of b value can be fitted to each voxel in the resulting series of images. The most commonly used model assumes a monoexponential decay of the image intensity with increasing b value and yields an apparent diffusion coefficient (ADC) for each voxel. Thus, a DWI acquisition typically yields a series of native DW images and a parametric ADC map. Both types of images are valuable in the detection and localization of malignant tumors. 1 High-quality ADC maps can be created using a few (Q2) low to moderately high b values. 18, 19 It was shown in theoretical studies 20, 21 that the precision of ADC estimates over a range of underlying (''true'') diffusion coefficients generally involves more than 1 b value greater than 0 s/mm 2 . The primary aim of these studies was to find an optimal set of b values for creating ADC maps for specific applications. However, the optimum b values determined this way cannot be readily applied in vivo because the DW image magnitude does not decay perfectly monoexponentially with increasing b value, owing to the presence of multiple intravoxel compartments with different diffusion characteristics and the effects of water motion due to perfusion of the tissue of interest. 22, 23 The clinical use of native DW images is seeing a push toward higher b values, both for tumor detection and localization and for the assessment of treatment response. 24Y28 This presents clinicians with a trade-off in scan time: the best image quality in high b value DWI is trivially attained by dedicating all available scan time to this single b value, whereas using this time for a range of lower b values would improve ADC maps.
A possible solution to this dilemma could be to synthesize high b value images from a set of lower b value images through voxel-by-voxel extrapolation of the fitted signal decay curves. This option is already being offered by some vendors on their MR workstations. Although such computed high b value images do not contain any information in addition to the acquired images, they effectively combine all available information into a single image and could therefore serve as a useful visual aid to radiologists. In addition, they are potentially less prone to artifacts because they avoid the longer echo times (TEs) required to accommodate the strong gradient pulses needed for high b value acquisitions.
The purpose of this study was to investigate the utility of computed DWI (cDWI) in patients with prostate cancer. We investigated how the image noise and contrast-to-noise ratio (CNR) in cDWI depend on the diffusion coefficient and the nonYDW signal magnitude (ie, at a b value of 0 s/mm 2 ) using computer simulations. Subsequently, we investigated the CNR between tumor-suspicious lesions (TSL) and normal-appearing tissue in patients, for cDWI created with and without taking signals acquired at a b value of 0 s/mm 2 into account. We compared the results with measured images at the same b value, accounting for overall acquisition time differences. A similar comparison was performed for ADC maps created with various combinations of b values. Finally, we investigated the appearance and the dependence of noise and CNR in in vivo cDWI on the b value.
MATERIALS AND METHODS

Simulations
Computer simulations similar to the in vivo MR experiments subsequently described were performed to investigate the noise behavior of cDWI. The signal magnitude was modeled as a monoexponential decay function of the diffusion b value:
where S 0 is the signal magnitude observed without diffusion weighting (ie, at b = 0 s/mm 2 ) and D is the diffusion coefficient. To accurately model the magnitude noise prevalent in MR images, noise was simulated by randomly sampling from a Rice distribution RðSðbÞ; R n Þ, where R n represents the noise level.
Two DW data sets were generated in this manner. The first data set consisted of 1000 pixels sampled at diffusion b values of 100, 400, and 800 s/mm The simulations were performed for various values of S 0 and D. The noise level R n was kept constant at 0.01 throughout all simulations as this was found to be approximately equivalent to the noise levels observed in vivo. Noise in the simulated images was evaluated in terms of the standard deviation (SD) of the signal intensities.
In Vivo Experiments
Patients Forty-eight men with a median (range) age of 62.5 (51Y73) years, a prostate specific antigen (PSA) level of 8.6 (0.5Y30), and a biopsy Gleason score of 7 (6Y9) were included in this study. Data were acquired as part of a larger study for which written informed consent was obtained from all patients in accordance with local institutional review board regulations. Patients with a history of therapy for prostatic disease were excluded. The mean (SD) time interval between the last biopsy and the MR examination was 4.5 (2.6) weeks.
Magnetic Resonance Imaging
All measurements were performed on a 3-T MRI system (Trio with TIM; Siemens Healthcare, Erlangen, Germany) with external spine and body phased array coils. High-resolution T2-weighted imaging was performed in 3 orthogonal directions. Each patient subsequently received 2 DWI examinations, based on a spin echo echo planar imaging pulse sequence. The first DWI examination consisted of a series of ''high'' b values (b = 100, 500, 1400 s/mm 2 ) and is denoted DWI H in the remainder of this work. Other acquisition parameters for this examination were as follows: repetition time (TR)/TE, 3600/72 ms; resolution, 1.6 Â 2.2 mm; slice thickness, 3.6 mm; bandwidth, 1250 Hz per pixel; and acceleration factor, 2. The acquisition times per b value were 43, 76, and 140 seconds for b values of 100, 800, and 1400 s/mm 2 , respectively. Images were acquired using 3 orthogonal diffusion gradient directions, and trace images were created. The second DWI examination consisted of a series of ''low'' b values (b = 0, 100, 400, and 800 s/mm 2 ) and is denoted DWI L in the remainder of this work. Other acquisition parameters were as follows: TR/TE, 3300/ 60 ms; resolution, 1.6 Â 2.2 mm; slice thickness, 3.6 mm; bandwidth, 1250 Hz per pixel; acceleration factor, 2; number of signal averages, 8; and acquisition times per b value of 27 seconds for b = 0 s/mm 2 and 82 seconds for the other b values. The images were acquired using 3 orthogonal diffusion gradient directions, and trace images were created. This examination was later used to generate computed cDWI images (see section Image Processing below). Within each patient, receiver gains and image reconstruction scaling factors were kept constant to facilitate comparison between the various DWI image types.
Image Processing
Monoexponential decay curves of signal intensity as a function of diffusion b value were fitted to each voxel in DWI H and DWI L by performing a nonlinear least-squares fit to the equation:
yielding ADC maps ADC H and ADC L as well as maps S 0H and S 0L of the estimated signal magnitude at b = 0 s/mm 2 , respectively. The fitting procedure constrained S 0 and ADC to positive values. An additional fit of DWI L was performed excluding signals at b = 0 s/mm 2 to reduce effects of perfusion on the parameter estimates. This yielded maps ADC LD and S 0LD , where the additional subscript D signifies ''diffusion only^. Computed DW images cDWI L and cDWI LD were created by substituting S 0L and ADC L or S 0LD and ADC LD back into equation 2 and calculating S(b) for any b value. All ADC maps and computed DW images were created using Matlab (The MathWorks, Natick, MA). Table 1 presents an overview of the various image sets used in this study.
Image Analysis
For each patient, all relevant images were imported into a custom-built viewer application implemented in Mevislab (MeVis Medical Solutions, Bremen, Germany). The effect of organ motion between the acquisitions was minimized by interactively registering DWI L (b = 100) to DWI H (b = 100), allowing 3 translational and 3 rotational degrees of freedom. The same transformation was then applied to ADC L , cDWI L , ADC LD , cDWI LD , and the DWI L images at the remaining b values. Regions of interest (ROIs) were placed on TSLs and normal-appearing regions within the prostate, where TSLs were defined as showing hypointensity on ADC and hyperintensity on high b value DWI. The viewer application transferred ROIs placed on one image immediately to all other images. In this manner, lesion ROIs were simultaneously drawn on ADC H and DWI H (b = 1400). For each TSL ROI, a normal-appearing ROI was placed in the same prostatic zone. Only 1 such ROI pair was defined in each patient to avoid biasing the statistical analysis with within-patient correlations.
The CNR between each ROI pair in each DW image and ADC map was calculated as follows:
where I ; TSL and I ; NA are the mean gray values observed in TSL and normal-appearing ROIs, respectively, and SD NA is the SD of gray values within the normal-appearing ROI. Here, the background noise was measured within the normal-appearing ROI and not in, for example, an area of complete signal void because simulations showed that image noise in cDWI depended on the diffusion characteristics of the tissues being imaged as well as their signal magnitude at a b value of 0 s/mm 2 (see Results section). Therefore, measuring noise in a region other than the background against which the lesion is to be detected would not yield a representative value of the CNR. To minimize overestimation of the noise SD due to physiological intensity fluctuations, care was taken to ensure that each ROI was small enough so as to contain a relatively homogeneous image region while still containing a sufficient number of voxels to obtain a meaningful estimate of the SD. The minimum number of voxels within a single ROI was 6.
To facilitate comparison between the acquisitions with different overall scan times T (Table 1) , the CNR efficiency CNR eff was defined as follows:
Differences between the 3 types of the DW images available at b = 1400 s/mm 2 and the 3 types of the ADC maps were tested for significance. Overall differences between the image types were assessed using the Friedman nonparametric repeated measures analysis of variance test, in which P = 0.05 was considered statistically significant. Post hoc pairwise comparisons were performed using the Dunn post test. All statistical tests were performed using GraphPad Prism version 5 (GraphPad Software, La Jolla, CA). In addition, image noise and CNR eff of in vivo cDWI L and cDWI LD were studied as a function of b value. Figure 1A shows an example of the simulations performed in this study for the case D = 1600 Km 2 /s and S 0 = 1. The simulations showed that noise in cDWI depended strongly on b value, D, and S 0 . On the other hand, noise in DWI ref was nearly independent of all of these factors (Figs. 1B, C) . The b value threshold above which noise in cDWI decreased below that in DWI ref depended on both D and S 0 . Similarly, the b value above which the signal to noise ratio (SNR) of cDWI became superior to that in DWI ref depended on these factors also (Fig. 1D) . The CNR between ''normal tissue'' and ''lesions'' asymptotically decreased toward zero with increasing b value in DWI ref (Fig. 1E) . In cDWI, however, the CNR exhibited a continued rise with increasing b value at a rate depending on the difference between the diffusion coefficients in lesions and normal tissue.
RESULTS Simulations
In Vivo Experiments
Diffusion-weighted images and ADC maps were created using the 3 methods described in all 48 patients (Fig. 2) . Six patients were deemed unsuitable for analysis because of severe organ motion or deformation due to rectal gas between scans inhibiting accurate 2 DWI H (D), cDWI L (E), and cDWI LD (F). The DWI H was measured directly, whereas the computed DW images in E and F were derived from least-squares fits to DWI L with (E) and without (F) taking signals at the b value of 0 s/mm 2 into account. The ROIs on a TSL (indicated as L) and a normal-appearing (indicated as NA) region are indicated in white. Although the noise appearance is clearly different on cDWI, lesion conspicuity is similar on all 3 DWI images at a b value of 1400 s/mm 2 . registration (n = 3) or absence of a clearly identifiable lesion (n = 1) or normal-appearing region (n = 2). Interactive image registration was performed, and ROIs were drawn on a TSL (indicated as L in Fig. 2 ) and a normal-appearing region (indicated as NA in Fig. 2 Fig. 3C ). Contrast was significantly higher in cDWI L and cDWI LD than in DWI H (P G 0.0001 and P G 0.001, respectively), whereas the difference between cDWI L and cDWI LD was not significant (Fig. 3B) . The CNR eff did not differ significantly between the 3 image types (median values, 5.36, 5.40, and 5.67; W 2 2 = 1.86; P = 0.395; Fig. 3D ). Figure 4 shows an example of cDWI LD computed at a wide range of b values for a 64-year-old patient with prostate cancer who had a suspicious lesion in the left peripheral zone, visible on both T2-weighted imaging and ADC LD (arrows). On cDWI LD , the lesion was only faintly distinguishable at b = 800 s/mm 2 but became increasingly well separated from the background with b values increasing up to 5000 s/mm 2 . A similar example is shown in Figure 5 for a 58-yearold patient with prostate cancer who had a lesion in the left anterior transition zone (TZ). Here, the lesion was distinguishable from the nonmalignant benign prostatic hyperplasia (BPH) in the TZ at both measured DWI and cDWI at b = 1400 s/mm 2 , but the background was much better suppressed at higher b values in cDWI. An analysis of the image noise, approximated by the SD of gray values within TSL and normal-appearing ROIs, and CNR eff as a function of b value showed that the noise in cDWI decreased strongly with increasing b value (Fig. 6A) . Furthermore, noise was higher in areas of lower ADCs compared with areas of higher ADC for b values above 500 s/mm 2 . The CNR eff increased continuously with increasing b value in both cDWI L and cDWI LD (Fig. 6B) in agreement with the numerical simulations. Both cDWI L and cDWI LD showed similar values of CNR eff at the full range of b values analyzed.
DISCUSSION
As part of a multiparametric MR approach, 29, 30 DWI is increasingly used to aid the detection, localization, and characterization of prostate cancer. Recently, there is increasing interest in using high b values (b 91000 s/mm 2 ) in prostate DWI. 26 However, high b value DWI has inherently low SNR and is sensitive to artifacts, leading to long acquisition times and degraded image quality. Computed high b value DWI was shown to improve SNR, diagnostic sensitivity, and specificity for tumor detection in a relatively small and heterogeneous group of patients with different types of cancer. 31 In this study, we demonstrated that cDWI of the prostate is an attractive method to obtain high b value images, which avoids the technical challenges FIGURE 5. Transversal images of a 58-year-old patient with prostate cancer (PSA, 7.9 ng/mL; biopsy Gleason score, 2+4 = 6) with a TSL in the anterior transition zone, as visible on T2-weighted imaging and corresponding ADC LD map (arrows). The lesion is also visible on both measured and cDWI at b = 1400 s/mm 2 , but the background is increasingly well suppressed using much higher b values for cDWI. The improved background suppression is also apparent in the bladder (arrowheads), which shows a strongly reduced signal intensity and a strongly reduced noise on cDWI at b = 1400 s/mm 2 compared with measured DWI at this b value. of actually measuring them. Keeping both the TE and the echo planar imaging acquisition relatively short at low to intermediate b values retains sufficient image quality and SNR in this organ, which is prone to large susceptibility differences (eg, tissue-air interfaces) and bowel movements. Furthermore, not acquiring the high b value images relaxes hardware requirements, e.g. for gradient performance. Numerical simulations as well as experimental data indicated that the CNR in cDWI rises continuously with increasing b value. Although this result may be surprising, it is also supported by analytical expressions based on error propagation theory (see Appendix, Supplemental Digital Content 1, which provides the mathematical derivation of these expressions, http://links.lww.com/RLI/A88). These expressions indicate that the CNR between a lesion and normal tissue will always increase with increasing b value, as long as the ADC of the lesion is lower than that of the normal tissue.
At the b values used in this study, a direct comparison between measured and computed DWI did not show an advantage of using cDWI in terms of the scan time adjusted CNR. As confirmed by our simulations, the b value of 1400 s/mm 2 at which the measurements were performed was not high enough to prove a difference (Fig. 1E) . Experimental data and simulations indicated that the CNR and lesion conspicuity can be strongly improved in cDWI by increasing the b value further. The comparison with in vivo data is complicated because acquiring good-quality data becomes increasingly challenging and time-consuming with increasing b value. Two recent studies have investigated the effect of the b values used for ADC calculation on the diagnostic accuracy in prostate cancer. 34 The short TE achieved by the authors may have mitigated the issues previously mentioned.
Although the CNR between the TSLs and normal-appearing regions keeps rising with increasing b value in cDWI, increasing the b value too far may lead to other issues that could hinder lesion detection. Periprostatic lipids become increasingly bright compared with the lesion with increasing b value (Figs. 4, 5 ) because the ADC of lipids is often lower than that of the lesion to be detected. The increased brightness of lipids and the lesions themselves, combined with very low background noise levels, can stretch image intensities to the borders of the dynamic range achievable by viewing systems and may thus become a limiting factor in the display of these images. Viewing applications allowing an interactive adjustment of the b value could overcome this issue.
It should be emphasized that computed DWI does not provide information equivalent to a measured DWI image at the same b value. Increasing the b value in measured DWI increases the motion sensitivity of the acquisition, implicitly lowering the minimum distance traveled by water molecules that are still detectable. Computed DWI, on the other hand, merely combines information from a set of images acquired at lower b values. Increasing the b value in cDWI should therefore only be regarded as a way of enhancing the CNR between areas with different ADCs.
Apparent diffusion coefficient values depended significantly on the set of b values used in their calculation, likely caused by the effects of perfusion and the existence of multiple intravoxel compartments with different diffusion characteristics. 22 This re-emphasizes the importance of considering the b values used in the acquisition when setting ADC thresholds for distinguishing malignant from nonmalignant tissues. Using a minimum b value of 100 s/mm 2 instead of a b value of 0 s/mm 2 for the ADC calculation eliminated a bias in the ADC due to perfusion of the tissue. 18, 22, 35 In a breast study using 4 b values up to b = 1500 s/mm 2 , no change in the diagnostic performance of ADC maps created with various combinations of these b values was found, despite the differing numerical ADC values these produced. 36 In this study, no significant advantage of using a set of lower b values (ADC L and ADC LD ) compared with higher b values (ADC H ) was found in terms of CNR eff , despite the lower intrinsic SNR of the images used to create ADC H . This may be caused by the relative weighting of the different b value images. In DWI L , which corresponded to our clinical protocol, all b values except b = 0 s/mm 2 had equal scan times (Table 1) . In DWI H , however, longer scan times were used at higher b values to compensate for the lower intrinsic SNRs at these b values. This suggests that ADC maps created using a set of lower b values, and therefore also cDWI derived from these maps, may also benefit from such weighting. Slight improvements may also be achievable by adjusting the b values themselves, an aspect that was not covered in this study. Simulations such as described in this article can be used to determine an improved set of b values and their relative weights, given a fixed total number of averages, noise level, and expected distribution of ADC values.
This study had some limitations. No gold standard relating abnormal appearance on ADC maps and high b value DWI to tumor presence was used, and no radiological reading of the different image sets was performed. Although all patients had biopsy-proven prostate cancer, no conclusions regarding improved tumor detection or localization can therefore be drawn from this study. However, for an objective comparison of lesion conspicuity between measured and computed DW images, any observer influence is undesired. By using identical ROIs in measured and computed images and accounting for the image acquisition time per b value, we provided a quantitative and readerindependent comparison. Moreover, not using histopathology circumvented the known difficulties in exact matching of radical prostatectomy specimens with T2-weighted MRI and/or DWI, which often introduces an observer bias.
In conclusion, cDWI of the prostate effectively combines all information available from a series of DW acquisitions into a single image, which can be computed at any b value. The CNR between areas with different ADCs can be strongly increased by increasing the b value of cDWI, leading to increased conspicuity of tumorsuspicious prostatic lesions. Computed DWI can yield higher scan time adjusted CNRs than measured DWI at high b values using no additional scan time, and allows using b values that cannot be obtained by measurement within clinically acceptable scan times. This may make cDWI a valuable tool in the management of prostate cancer.
